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Executive summary
This report describes the interpretation of a large airborne electromagnetic data survey that was designed to
aid characterisation of groundwater systems in the La Grange groundwater allocation area which lies south of
Broome, Western Australia. Characterisation of these systems is of critical importance to the development of
policy around the use of water in the region, especially for the development of agriculture. This report is the
second of two reports and it is designed to rene surfaces which are used as inputs to groundwater models.
The volume dened by these surfaces viz. the seawater intrusion in the west, the top of the Jarlemai siltstone
and the top of the Broome sandstone describes the portion of the Broome sandstone aquifer that is able to
store water that can be used for human purposes, agriculture and mining.
All data were re-inverted using an updated version of Geoscience Australia’s station-by-station inversion al-
gorithm. Initial blocky (5-layer) models were set to be close to previous models to improve convergence and
accuracy. In general, these goals were achieved. Errors are lower for newer models and those models are more
spatially coherent than models described in the previous report. Smooth (30-layer) models were also repeated,
with much the same outcome viz., that models were similar and that errors were lower.
For calibration purposes, airborne electromagnetic inversion results were compared against new logging data.
Lithological logging data were collected from 24 bores at selected locations, and aquifer tests and also subjective
assessments of permeability were made in each. In addition, hydro-geophysical logging data were collected in six
holes. These hydro-geophysical data consisted of resistivity, magnetic susceptibility and spectral γ (radiometric)
logs and were designed to provide a link between the geophysics and geology. In all cases, comparison between
geological and hydro-geophysical data was favourable. Improved inversion results allowed renement of the
estimation of the thickness of the Broome sandstone and thus, estimation of the volume available for water
storage.
With the identication of palaeochannels in the La Grange groundwater allocation area and an improved analysis
of geological structure from AEM results, most objectives of the survey have been realised. Palaeochannels were
identied in the north of the La Grange groundwater allocation area, around La Grange Bay, and also in the
south. Also in the south of the La Grange groundwater allocation area, faults were identied. it is hypothesised
that these faults permit groundwater movement between the Broome sandstone, which is the important aquifer
in the La Grange groundwater allocation area, and the Wallal sandstone which is the important aquifer south
of the La Grange groundwater allocation area.
Objectives relating to delineation of freshwater zones, and of water quality were not addressed. Although
the top of the seawater intrusion was mapped, as was the top of the Broome sandstone near the coast,
because freshwater and the sandstone matrix have similar electrical resistivities, it is dicult to map freshwater
specically.
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1 Introduction
The La Grange groundwater allocation area in Western Australia encompasses an area of nascent agricultural
and mining development. Critical to the success of this development is characterisation of the groundwater
resources in the region. However, knowledge of these resources is sparse. To address this, Paul et al. (2013)
undertook a detailed review of major gaps in knowledge and recommended that an airborne electromagnetic
(AEM) survey be commissioned. Analysis of AEM survey data would provide data to construct a groundwater
model of the La Grange groundwater allocation area. Therefore, the AEM survey had four main objectives:
1. Investigate seawater intrusion into the Broome sandstone
(a) Determine the depth to the seawater wedge
(b) Determine the lateral extent of the seawater wedge
(c) Delineate a freshwater zone above the seawater wedge
2. Determine the thickness of the Broome sandstone over the La Grange groundwater allocation area
3. Characterise the quality of the groundwater in the Broome sandstone in terms of variability over space
and depth.
4. Detect and delineate and paleovalleys, and assist with setting the domain of the aquifer at the eastern
edge for groundwater modelling
Objectives 1a, 1b and 2 were addressed in full by Annetts et al. (2014) while objective 4 was addressed in part.
The AEM survey illustrated in Figure 1.1 followed from recommendations by Paul et al. (2013). Lines own with
two dierent Tempest AEM systems are indicated. Flight lines labelled in red denote lines own using a CASA
Tempest AEM system while lines own using a Skyvan Tempest AEM system are labelled in blue. Annetts et al.
(2014) discussed dierences between the two systems and concluded that there was little practical dierence
between results. Major towns, roads and rivers are also plotted. Generally, east-west oriented survey lines
are spaced about 2km apart, although two groups are spaced about 1km apart. These groups are from Line
1 003 501 to 1 004 101 and from 1 006 103 to 1 006 701. The two southernmost east-west oriented survey lines
(Lines 1010501 and 1010601) are spaced 4km and 16km respectively.
This is the second and nal report concerned with the analysis of the AEM survey data. The Milestone Report
(Annetts et al., 2014) was designed to derive, using all pertinent data, surfaces to be used as input to initial
groundwater models of the La Grange groundwater allocation area. Pertinent data included lithological logs, hydro-
geophysical logging used for petroleum exploration, regional potential elds data (magnetics and gravity) and
data from water and soil sampling campaigns. Non-AEM data were used to validate AEM inversion results (Lawrie
et al., 2012). While comparisons between AEM inversion results and other data sets was generally favourable,
there were dierences between data sets. These dierences were attributed to dierent measurement scales.
For example, AEM Surveys measure large-scale volumetric variations while logging and sampling measurements
are typically point samples. Nevertheless, it was recognised that interpretation of AEM inversions results would
benet from the incorporation of targeted logging programs. Section 3 of this report discusses these logging
programs. Section 4 incorporates results of the focused logging program in updated surfaces designed to
contribute to a groundwater model of the La Grange groundwater allocation area.
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Figure 1.1: Survey context. Survey lines are shown within the La Grange groundwater allocation area along with the location of major towns and landmarks in the region.
Lines labelled in red indicated lines own using a CASA Tempest AEM system while lines labelled in blue indicate lines own using a Skyvan Tempest AEM
system. Lines are labelled at the start. Annetts et al. (2014) discussed dierences between data collected using each system and concluded that there was




Much of the regional geological and hydro-geological background of the La Grange groundwater allocation area
was described by Annetts et al. (2014). This section will review salient points only.
2.1 Regional geology and hydrogeology
The La Grange groundwater allocation area lies in the western half of the onshore Canning Basin. Although the
Canning Basin has long been recognised as an important aquifer system (Forman and Wales, 1981; Lau et al.,
1987; Ghassemi et al., 1992), specic knowledge of the La Grange groundwater allocation area was sparse. Paul
et al. (2013) reviewed the properties of the Broome sandstone aquifer in the La Grange are with the goal of
summarising hydro-geological data, thereby establishing a baseline for future studies.
In the northern part of the the Canning Basin, and therefore also, the La Grange groundwater allocation area,
the Jarlemai siltstone and Wallal sandstone outcrop far to the east, around 140km inland. Survey objectives 1
and 2 involve characterisation of the hydrogeology of the Broome sandstone. Figure 2.1 shows that the Broome
sandstone unconformably overlies the Jarlemai siltstone. The delineation of the top of the Jarlemai siltstone
was a major component of the second survey objective. Some authors (e.g. Forman and Wales, 1981) place the
Jowlaenga Formation above the Jarlemai siltstone in the Jurgurra Terrace and Wallal embayment in the north
and south of the survey, respectively. Section 5.3 discusses the phanerozoic faults that intersect survey lines.
Joseph and Searle (2015) successfully employed AEM (a SKYTEM500 AEM system) to image the aquifer system
over the Dampier Peninsula, directly north of Broome.
There is also interest in aquifer systems in the south west of the onshore Canning Basin (Figure 2.2). MIRA
Geoscience (2015) were able to image the seawater intrusion, the Jarlemai siltstone and the Wallal sandstone as
well as the Broome sandstone. In the south west of the onshore Canning Basin, the Wallal sandstone is the
major aquifer. The transition from the Broome sandstone to the Wallal sandstone as the major aquifer in the
region occurs in the south of the La Grange groundwater allocation area.
Although there is some overlap between surveys described by Joseph and Searle (2015), north of the La Grange
groundwater allocation area, and MIRA Geoscience (2015), south of the La Grange groundwater allocation area,
and the survey addressed in this report, that overlap will not be discussed here.
2.2 Electrical properties of materials in the earth
The AEM prospecting method that is used to derive models that can be interpreted for hydro-geological features
essentially maps the variation of the ground’s electrical resistivity. Of all the physical properties of the ground,
electrical resistivity is the most variable. Figure 2.3 compares electrical resistivity for some common earth
materials. Pertinent to the La Grange groundwater allocation area survey, is variation in clays, which are found
in the Jarlemai siltstone, and at the top of the Broome sandstone (Vogwill, 2003), sandstone, and fresh and
salt water. While seawater should be easily interpreted simply because it has such a low electrical resistivity,
Figure 2.3, suggests that determination of the other three major earth materials may be problematic.
Figure 2.4 plots the relationship between electrical conductivity and TDS. The coloured background gives
recommended uses for water; water with TDS <500mg/L is regarded as suitable for human consumption. This
corresponds to an electrical conductivity of 0 8S/m. The relationship between TDS (when used for salinity) and






Figure 2.2: Simplied hydro-geological context through the Canning Basin (after Lau et al., 1987). The La Grange
groundwater allocation area falls entirely within the Willara sub-basin. Water ow within the Broome
sandstone and Wallal sandstone is shown to be towards the coast. From Figure 2.1, the Triassic
aquifer is a combination of the Millyit sandstone, Liveringa Group, the Noonkanbah formation and
the Grant Group, while the Triassic conning bed can be identied as the Blina shale.
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3 New supporting data
In Annetts et al. (2014), inversion results were calibrated by comparison to other historical data sets. Inverted
models were compared with lithological logs, data from deep petroleum exploration wells, a soil-sampling
program and data from hydrological monitoring bores. Generally, it was found that where data overlapped, that
is, where there was a reasonable intersection between the areas or volumes covered by the dierent methods,
comparisons were favourable. However, because historical data sets were collected for a dierent purpose than
the AEM survey, such data were either too deep (in the case of petroleum bores) or too shallow (in the case
of data from EC bores) for direct comparison. Therefore, it was decided to collect additional data in order to
calibrate AEM inversion results. This section describes those additional data and their use in calibrating AEM
inversion results.
3.1 Department of Agriculture and Food Western Australia 2015 Water bore program
DAFWA’s aquifer drilling and monitoring water bore program was commissioned to provide calibration data for
AEM inversion results. The location of bores in this program within the La Grange groundwater allocation area is
plotted in Figure 3.1. Collar locations and distances to the nearest AEM survey line are presented in Table 3.1.
It can be seen from Table 3.1 that while 11 of the 27 water bores are within 50m of an AEM survey line, the
remainder are not. Indeed, seven were sited at least 500m from an AEM ight line. All sites were located inland
of the seawater intrusion toe.
Table 3.1: DAFWA’s logging program. This program covers water quality testing but not hydro-geophysical
logging. The hydro-geophysical logging program suggested in this Table was discussed in Section 3.2.
Hole location within the La Grange groundwater allocation area is plotted in Figure 3.1.
DAFWA drill hole Collar E Collar N AEM Line Distance from AEM Geophysics?
survey line (m)
15LAG01 452 525.00 8 004 430.00 1 000 701 867.44 Y
15LAG02 466 500.00 8 003 352.00 1 000 801 8.52 N
15LAG03 482 850.00 8 002 607.00 1 012 501 68.96 N
15LAG04 474 292.00 7 979 284.00 1 002 001 9.82 N
15LAG06 393 474.00 7 955 334.00 1 003 201 31.86 Y
15LAG07 399 592.00 7 955 176.00 1 003 201 127.66 N
15LAG08 404 776.00 7 952 706.00 1 003 301 585.50 N
15LAG09 381 035.00 7 939 310.00 1 004 301 11.72 N
15LAG10 387 526.00 7 939 978.00 1 004 301 650.50 Y
15LAG11 383 024.00 7 943 282.00 1 004 101 8.18 N
15LAG14 424 660.00 7 936 800.00 1 004 402 11.51 N
15LAG15A 358 045.00 7 902 034.00 1 006 203 322.93 N
15LAG15 362 016.00 7 900 214.00 1 006 403 95.86 Y
15LAG16 371 454.00 7 899 323.00 1 006 502 8.60 N
15LAG17 382 376.00 7 893 332.00 1 006 901 3.97 N
15LAG19 358 331.00 7 889 895.00 1 007 101 566.87 N
15LAG20 368 589.00 7 883 339.00 1 007 401 32.03 N
15LAG21 352 500.00 7 869 265.00 1 008 101 38.51 Y
15LAG23A 400 080.00 7 860 650.00 1 008 501 21.11 N
15LAG23 390 700.00 7 863 319.00 1 008 501 2574.68 N
15LAG24 321 580.00 7 820 713.00 1 010 301 4996.44 N
15LAG26 377 867.00 7 916 533.00 1 005 401 800.02 N
Figure 3.2 compares interpreted geology with hydro-geological data and geophysical inversion results for water
bore 15LAG02. The data from the remainder of water bores are presented in Appendix A. LAG1502 is located in
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the north of the La Grange groundwater allocation area near line L1000801. The standing water level at a depth
of 9m falls near an electrical conductivity high. This high was interpreted as the top of the Broome sandstone.
The production zone at the base of the drill hole is characterised in the AEM inversion result as an electrical
conductivity low. The borehole does not terminate in the Jarlemai siltstone. However, the AEM inversion results
suggest the existence of a deeper conductor, around 150m depth.
Figure 3.3 compares interpreted geology with hydro-geological data and geophysical inversion results for water
bore 15LAG04. As with 15LAG02 (Figure 3.2), this bore hole is also located close to an AEM survey line (9 8m
from L 1002001). The interest in 15LAG04 stems from the disparity between data sets. Quaternary sediments
do not appear in the gross lithology (Panel A), yet were interpreted by DAFWA logging (Panel B) and appear
to be corroborated by AEM inversion results (Panel C) as a near-surface resistive layer. The standing water
level is quite deep (70m) and appears at the base of the (interpreted) production zone. Inverted AEM electrical
conductivity increases with depth, reaching a peak 10m below the base of the borehole where Jarlemai siltstone
was interpreted by DAFWA. However, gross lithology (Panel A) suggests that the Jarlemai siltstone is nearly 20m
shallower.
8 |
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Figure 3.1: Spatial disposition of DAFWA’s 2015 logging program. Distances between AEM survey lines and deeper bore holes was presented in Table 3.1 of this report.
With the exception of LAG1524, bores are located near AEM survey lines. Bore labelled in red indicate bores where only lithology and water quality data
were collected. Bores labelled in blue indicate bores where hydro-geophysical logging was carries out. Such data are discussed in Section 3.2. The underlying
greyscale image plots topography.|9


3.2 Hydro-geophysical logging data
Because of the bias of extant hydro-geophysical logging data towards petroleum exploration, Annetts et al.
(2014) could generally compare hydro-geophysical logging data and AEM inversion results only at deeper depths.
Generally, comparison was favourable, although depths were generally too deep for intended water use scenarios.
Accordingly, a hydro-geophysical logging program was commissioned. This program focused on a few sites
of interest rather than the entire La Grange groundwater allocation area and is presented in Table 3.2 and
in Figure 3.1. Although these sites of interest were near to seawater intrusion toe locations, none tested the
seawater intrusion because of the long-term goal to employ the drill holes for monitoring. Two down hole
logs were collected at each location viz. inductive electrical conductivity and γ. The former data set was
collected as a direct check of AEM inversion results. The latter data set, because of its focus on lithological
changes, was collected to provide a check against geological interpretation. Appendix B contains notes on the
hydro-geophysical logging and instrumentation used.
Table 3.2: The hydro-geophysical logging program. Hole location within the La Grange groundwater allocation
area was plotted in Figure 3.1.
Distance
DAFWA drill hole Collar E Collar N AEM Line . . . from line (m) . . . to toe (m)
15LAG01 452 525.16 8 004 430.07 1 000 701 867.44 2120.01
15LAG06 393 474.00 7 955 334.00 1 003 201 31.86 979.89
15LAG10 387 526.00 7 939 978.00 1 004 301 650.50 1431.91
15LAG15 362 015.68 7 900 214.18 1 006 403 40.06 1706.63
15LAG21 352 500.00 7 869 265.00 1 008 101 38.51 2478.28
Figure 3.4 compares formation, logged lithology, electrical conductivity and total γ logs for Site 15LAG01 in Panels
A, B, C and D respectively. The electrical conductivity log (Panel C) compares down hole logs with smooth and
blocky inversion results from the closest station to the site. The background in Panels C and D shows subjective
permeability estimated by DAFWA while logging aquifer materials. Generally, electrical conductivity logs in
Panel C have similar character and are, at least over the logged depth, of comparable magnitude. All logs show
low electrical conductivity values over the length of the borehole before an increase at the base of the hole.
The inverted blocky model shows the onset of this increase around 20m shallower then the inverted smooth
model which follows logged electrical conductivity more closely. Reiterating points from Annetts et al. (2014),
because this increase in electrical electrical conductivity has been interpreted as the top of the Jarlemai siltstone,
since gross geological structure was interpreted from block AEM inversion results, this means that for this drill
hole, the top of the Jarlemai siltstone will be too shallow. In contrast, had the top of the Jarlemai siltstone been
interpreted from smooth AEM inversions, the diculty becomes one of accurately picking a distinct depth; the
top of the Jarlemai siltstone is interpreted too deep. Both models inverted from AEM data show near surface
electrical conductivity highs with peaks coincident with the water table. Neither inverted model shows the small
electrical conductivity anomaly between 35m and 45m.
The increase in electrical conductivity near the top of the Jarlemai siltstone in Figure 3.4 is worthy of further
comment. Because of the distance (2120m from Table 3.2) between the site and the ‘toe’, this is more likely
caused by salts in solution from clay, than the seawater intrusion. Figure 3.5 compares depth and conductivity
proles for Line 1000701. Panel (A) compares depth proles while Panel (B) plots the basement conductivity
prole. Panels (C) and (D) are detailed views of Panels (A) and (B) around the seawater intrusion toe. Figure 3.5
suggests that a low-level conductivity high may be present over a large distance inland of the toe. The signicant
dierence in conductivity between the seawater and the Jarlemai siltstone suggests that this conductivity high
may be attributed to salts in solution.
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Logged γ in Figure 3.4 Panel D shows much more variation than electrical conductivity logs which sample a
greater volume of the earth. Some, but not all, of the peaks in the γ correspond to lithological variation. For
example, a peak at −92.25m corresponds to changes in lithology and interpreted permeability, as does a peak
at −10m. However, a peaks at −65m and 70m do not. This means that automatic detection of lithological
change from γ logs will be very dicult. This point is explored in some detail in Appendix B for 15LAG15.
Similar comments hold for Sites 15LAG06, 15LAG10, 15LAG15 and 15LAG21, which show comparison of data and
inversion results in Figures 3.6, 3.7, 3.8 and 3.9 respectively.
All logging data in this Section (Figures 3.4, 3.6, 3.7, 3.8 and 3.9) point to the diculty of resolving (or delineating)
a freshwater zone above the seawater intrusion from the AEM data. This is because of the well-known diculty
of EM methods in general in resolving resistive units. The best that can be said is that there is some structure
above the seawater intrusion, and that the AEM has resolved some variation in it. Essentially, it is dicult to
resolve which part of an electrically-resistive unit (the Broome sandstone) is matrix, and which part is potable
water which is also electrically resistive. In this sense, survey objective 1c (Section 1) is perhaps unrealistic.
Similar comments can be made regarding survey objective 3. Assessment of water quality can only be made
on the basis of assumptions regarding the homogeneity of the Broome sandstone. Comparison of Figures 3.4,
3.6, 3.8, and 3.9 with Figure 3.7 highlights the diculty. All drill holes in this section terminate a small distance
into the Jarlemai siltstone. Electrical conductivity logs for most holes show an increase towards the base of the
hole. This increase in electrical conductivity is attributed to salts in clays from the Jarlemai siltstone in solution.
However, Site 15LAG10 (Figure 3.7) does not show an increase in electrical conductivity towards the base of
the drill hole. Indeed, there is some doubt from logging results, whether the drill hole intersected the Jarlemai
siltstone.
Similar comments can be made with respect to the upper sections of drill holes 15LAG01, 15LAG06 and 15LAG10.
The top of the Broome sandstone was interpreted from AEM data using a electrical conductivity high. This
was related to clays identied by Vogwill (2003). In drill holes 15LAG01, 15LAG06, and 15LAG10, (Figures 3.4, 3.6
and 3.7) there is a electrical conductivity high, and this correlates with the standing water level in each hole.
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Figure 3.5: Detailed inversion results from Line 1000701. Panel (A) compares elevation of layer ve of the blocky model as it changes from the top of the seawater
intrusion to the top of the Jarlemai siltstone. Panel (B) plots basement conductivity. Panels (C) and (D) are detailed views of Panels (A) and (B) respectively.
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4 New inversion results
Between the release of Annetts et al. (2014) and while writing the current report, a new version of GALEISBSTEM
was released (Brodie, 2015) Because it oered improvements over the version used by Annetts et al. (2014),
mainly in the form of bug xes, it was decided to invert survey data using this new version for this Final Report.
Figure 4.1 compares results from Annetts et al. (2014) and the current report for Line 1006601. Panels in Figure 4.1
are arranged to ease comparison; current models are presented in Panels C and D while models used by Annetts
et al. (2014) are presented in Panels B and E. It is evident that current models are more coherent and sharper
than models from Annetts et al. (2014). For example, the Jarlemai siltstone between 360 000E and 380 000E
is more clearly dened in Panels C and D than in Panels B and E. The algorithm used in the current report
also appears better able to model the seawater intrusion than the previous version, such as between 345 000E
and 358 500E. Moreover, layers show greater continuity between stations. Examples of this continuity are seen
between 380 000E and 390 000E. In addition, errors (Panel A) are low, and that errors for current models are
lower than those used by Annetts et al. (2014). This engenders condence in results in the current report.
It is important to note that although results in the current report must be considered to be of better quality,
there is very little practical dierence between results in the current report and those of Annetts et al. (2014).
Thus, results in the current report should be considered renements of original results rather than a new data
set.
As with Annetts et al. (2014), major results in this report are based on blocky models. In general, such models
have proven accurate over the La Grange groundwater allocation area. However, results of drilling carried out
in 2015 showed that in places they were in error, sometimes, by large amounts. Therefore, initial models for
inversions in this report were heavily based on models from Annetts et al. (2014). Such models were constructed
so that the most conductive layer was based on the depth to the Jarlemai siltstone (or the seawater intrusion, as
required by station location). The depth to the top of the Broome sandstone was used as the initial depth for
layer 2. The Broome sandstone was modelled using two layers, initially equi-spaced in depth between the tops
of the Broome sandstone and Jarlemai siltstone. An additional layer was used to model quaternary sediments
above the Broome sandstone making a total of ve layers. All layer parameters were given equal freedom to
change as required.
One eect of the inversion strategy of the current report is that for some lines, there is some dierentiation
in electrical conductivity towards the base of the Broome sandstone. This can be seen in Figure 4.1 between
370 000E and 378 000E. Analysis of parameter sensitivity suggests that because of the high uncertainties
associated with this layer, its resolution must be regarded as tenuous at best.
In contrast, inversions for smooth models used layer thicknesses from Annetts et al. (2014). These are reproduced
in Table 4.1. Smooth-model inversion results are used in Section 5.2 to aid interpretation of palaeochannels in
the La Grange groundwater allocation area.
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Table 4.1: Layer thicknesses used for smooth-model inversions. These are identical to those used by Annetts
et al. (2014). The 30th layer is the innite-thickness halfspace at the base of all models.
# Layer thickness (m) Layer top (m) Layer base (m)
1 2.00 0.00 2.00
2 2.23 2.00 4.23
3 2.49 4.23 6.72
4 2.78 6.72 9.51
5 3.10 9.51 12.61
6 3.47 12.61 16.08
7 3.87 16.08 19.94
8 4.32 19.94 24.26
9 4.82 24.26 29.08
10 5.38 29.08 34.46
11 6.00 34.46 40.46
12 6.70 40.46 47.17
13 7.48 47.17 54.65
14 8.35 54.65 63.00
15 9.32 63.00 72.32
16 10.4 72.32 82.72
17 11.61 82.72 94.33
18 12.96 94.33 107.29
19 14.47 107.29 121.76
20 16.15 121.76 137.91
21 18.03 137.91 155.94
22 20.12 155.94 176.06
23 22.46 176.06 198.51
24 25.07 198.51 223.58
25 27.98 223.58 251.56
26 31.23 251.56 282.79
27 34.86 282.79 317.65
28 38.91 317.65 356.57
29 43.43 356.57 400.00
Figure 4.1 compared inverted smooth and blocky models from Annetts et al. (2014) and the current report for
Line 1006601. It is evident that errors (Panel A) are low, and that errors for newer models are lower than those
for previous models. Brodie (2016) denes
Φd = [d
obs − f(m)]TWd[d
obs − f(m)] (4.1)
where dobs is the measured response, f(m) is the response of the inverted model and Wd a diagonal matrix
with entries determined by the assigned error for the ith measurement.
Inversion model errors for the La Grange groundwater allocation area are presented in Figures 4.2 and 4.3 for
blocky and smooth models respectively. In both cases, errors are low, for the most part, less than or equal to an
ideal value of 1. Low errors, together with more coherent resistivity distributions, add condence to results in
this report. Therefore, models in this report should be considered a renement on models presented by Annetts
et al. (2014).
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Figure 4.4 presents parameter distributions of ve-layer model results for survey lines from 10 005 001 to
1 060 101. The bimodal nature of basement conductivity (σ5) is evident and results from the dierence between
conductivities of the Jarlemai siltstone and seawater. That distributions of σ3 and σ4 and k3 and k4 are similar
suggests that four-layer blocky model may have worked well for a large part of the La Grange groundwater
allocation area. Indeed, such a model was tested by Annetts et al. (2014) (along with a six-layer model) who
found that ts for ve-layer models were generally better than ts for four-layer models. However, because
they were not markedly better than ts for six-layer models, lex parsimonae suggested that ve-layer models
remained appropriate models of the data.
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Figure 4.2: Blocky model inversion model errors over the La Grange groundwater allocation area. As with Annetts et al. (2014), an error ΦD <= 1 is considered ideal.
Errors are very low over the survey area.|
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Figure 4.3: Smooth model inversion model errors over the La Grange groundwater allocation area. As with Annetts et al. (2014), an error ΦD <= 1 is considered ideal.





4.1 Calibrating the inversion results
As in Section 3.2, inversion results can be tested through direct comparison with logging results. In testing, it is
important to realise that logging data and inversion results are concerned with very dierent scales. For the
Tempest AEM system employed in the La Grange groundwater allocation area survey, Reid and Vrbancich (2004)
calculate an inductive-limit footprint of 2.93h for vertical-component data and 2.57h for inline-component data,
where h is the transmitter height, nominally 100m. This means that the AEM system accounts for an area at
least 257m2. In comparison, the logging data accounts for a volume of earth no more than 10cm around the
borehole, and therefore direct comparison between the two sets of results is not straightforward.
Figure 4.5 illustrates such a comparison between Line 1003201 and 15LAG06 while Figure 4.6 illustrates a
comparison between Line 1006403 and 15LAG15. In both Figures, Panel A plots results from Annetts et al. (2014)
while Panel B plots results from the current report. Panels C and D compare interpreted horizons between reports.
In Panel C, the comparison is in terms of depth while in Panel D, the comparison is through percentage-change
in depth. Also in both Figures, Panels A, B and C plot salient parameters, viz., standing water level, depth to top
of Broome sandstone and depth to top of Jarlemai siltstone, from the relevant borehole (15LAG15 and LAG1521
respectively) with horizon depths indicated as purple dots. In each case, it is clear that results in the current
report are an improvement over those in Annetts et al. (2014). Because inverted sections are more coherent,
that is, sections generally show a smooth depth variation between stations, they can be interpreted with greater
condence.
Figure 4.7 presents a comparison between 15LAG06 and inversion results for all of Line 1003201. Panel A
compares logging data with and inverted section from Annetts et al. (2014) while Panel B compares logging
data with an inverted section from the current report. More coherent inversion results in the current report
permit more accurate interpretation. Panel C compares logging data with surfaces interpreted from inversion
results in both reports. Panel D in Figure 4.7 plots the dierence in the elevation between interpreted surfaces in
Annetts et al. (2014) and the current report. Data in this panel are useful to gauge dierences in hydro-geological
surfaces between the two reports. Positive dierences suggest that surface elevation is revised shallower. Panel
D suggests that the contribution to the hydro-geological surfaces forming the top of the Broome sandstone and
the top of the Jarlemai siltstone should be revised 20m shallower for the Jarlemai siltstone near the toe and 30m
deeper for the Broome sandstone in the east of the prole. Major dierences in the depth to the top of the
Jarlemai siltstone near the toe are attributed to revised inversion results; these suggest that the toe is slightly
further inland and shallower than initially interpreted by Annetts et al. (2014). Comparison between data sets for
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5 Revised interpretation of the hydro-geophysical results
5.1 Revised groundwater surfaces
A prime reason to invert AEM data over the La Grange groundwater allocation area is to derive hydro-geological
relevant surfaces which are to be used in a groundwater model. Such a groundwater model would be used to
derive bounds on water usage with appropriate input such as recharge rate. This section of the report describes
such surfaces. The three surfaces of hydro-geological importance are the depth to the top of the seawater
intrusion, the depth to the top of the Broome sandstone and the depth to the top of the Jarlemai siltstone.
Each of these surfaces was supplied to DAFWA as digital data. The salient characteristics of each surface are
discussed in turn.
The depth to the top of an interface was derived using the method described by Annetts et al. (2014). Anchor
points for particular horizons were interpreted from blocky-model inversion results. These anchor points were
interpolated within the extents of a prole, and extrapolated beyond a prole’s extents as required. Anchor
points were generally referenced to layers in the inverted model. However, in some cases, depths were used
instead. The process is iterative; interpreted surfaces were compared to inverted models for consistency. This
process is objective for the most part while allowing a certain pragmatic exibility when required.
5.1.1 Depth to the top of seawater intrusion
A map of the variation in the depth to the top of the seawater intrusion over the La Grange groundwater
allocation area is presented in Figure 5.1. Figure 5.1 suggests that the top of the seawater intrusion is quite close
to the ground surface near the coast. Inland, the seawater intrusion may be as much as 150m below the surface.
Figure 5.1 suggests that in the north and south of the La Grange groundwater allocation area, the seawater
intrusion can be quite close to the surface, around the ats associated with Roebuck Bay in the north, and
Mandorah Marsh in the south. Figure 5.2 presents the distribution of depth at the toe (a), and distance from the
coast to the toe (b). Parameters for the best-tting normal equations for these distributions are presented in
Table 5.1. The normal distribution is dened in Equation 5.1.
N(µ, σ) = −(x−µ)
2/(2σ2) (5.1)
where µ is the mean and σ is the standard deviation.
Table 5.1: Parameters for best-tting normal distributions for seawater intrusion parameters. The Bayesian
Information Criterion (BIC) (Schwartz, 1978) is described in Equation 5.2.
Seawater intrusion parameter µ σ Figure BIC
Depth -143.9 45.7 5.2a -6.41
Distance 18.1 25.8 5.2b -10.54
The BIC is dened in Equation 5.2
BIC = ln(n)k − 2ln(Lˆ) (5.2)
where n is the number of samples, Lˆ is the maximised likelihood function and k is the number of parameters to
be estimated. Where data can be described equally-well by models with dierent numbers of parameters, the
BIC favours those models with fewer parameters in accordance with lex parsimonae.
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The best-tting distribution (using the BIC) for Figure 5.2b can be shown to be a χ2-distribution with ν = 18.70
(with a BIC of −10.46). The χ2-distribution is dened xν/2−1e−x/2 for x > 0 where ν is the number of degrees
of freedom.
Figure 5.2 suggests that stochastic simulations of water-use scenarios (e.g. Hauser et al., 2016) in the La Grange
groundwater allocation area will be more realistic if they employ statistics based on a per-line variation rather
than the survey-wide variation described by Table 5.1.
Seawater interface toe depths and distances are presented in Table 5.2 for all survey lines. It is interesting to
examine the variation of the depth to top of the seawater intrusion at the toe and near the coast as is the
case in Figure 5.3. Inland, the seawater intrusion can be found at a depth of over 200m. In Figure 5.3, Panel (b)
corresponds to the depth of the toe. In Figure 5.3, ve depressions in the depth to top of seawater intrusion
are observed. Two of these correspond loosely to La Grange and Roebuck Bays. The large depression between
7 893 702N and 79 322 202N contains two river delta-like features. However, along the coast, such regions are
not uncommon. Remaining depressions in Figure 5.3 are not associated with identied landmarks.
Figure 5.4 compares depth to top of seawater intrusion between Annetts et al. (2014) and the current report.
Panel (a) reproduces Figure 5.1 for reference while Panel (b) plots the depth to top of seawater intrusion derived
by Annetts et al. (2014). Panel (c) plots the dierence between the two surfaces as
δ = Current−Milestone (5.3)
It can be seen that the depth to the top of the seawater intrusion has generally been revised deeper from
Annetts et al. (2014).
Figure 5.5 compares the dierence in areal extent of the seawater intrusion over Milestone and current reports.
Panel (a) reproduces Figure 5.1 for reference while Panel (b) plots the depth to top of seawater intrusion derived
by Annetts et al. (2014). Panel (c) plots the dierence between the areas covered by the two surfaces as polygons.
It can be seen that improvements in the inversion algorithm have allowed interpretation of the seawater intrusion
over a greater area.
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Figure 5.1: Revised map of depth to top of seawater intrusion.|35

Table 5.2: Sea water ingress distance and depth at the toe by survey line. Easting and Northing correspond to the coordinate interpreted as the easternmost (inland)
extent of the seawater intrusion on that line – the ‘toe’. The distribution of these distances and depths was plotted in Figure 5.2. Numbers are rounded and
only data from lines with the La Grange groundwater allocation area are tabelled.
Line Easting Northing Dist. Depth Line Easting Northing Dist. Depth Line Easting Northing Dist. Depth
(km) (m) (km) (m) (km) (m)
1 000 502 467 754 8 009 299 35 −147 1 000 602 454 999 8 007 303 22 −90
1 000 701 452 003 8 005 297 19 −93 1 000 801 450 404 8 003 321 17 −99 1 000 901 450 202 8 001 300 17 −102
1 001 001 448 982 7 999 298 16 −107 1 001 101 444 995 7 997 295 13 −106 1 001 201 442 006 7 995 297 11 −115
1 001 301 439 494 7 993 301 10 −115 1 001 401 437 997 7 991 290 11 −118 1 001 501 437 495 7 989 251 17 −125
1 001 601 436 248 7 987 272 20 −125 1 001 701 435 200 7 985 294 20 −116 1 001 801 433 746 7 983 191 21 −124
1 001 901 430 199 7 981 312 19 −138 1 002 001 428 003 7 979 291 18 −148 1 002 101 423 993 7 977 293 15 −170
1 002 202 420 998 7 975 308 16 −162 1 002 301 418 996 7 973 291 19 −163 1 002 401 416 503 7 971 300 18 −184
1 002 501 413 995 7 969 319 17 −199 1 002 602 402 491 7 967 299 7 −179 1 002 702 400 992 7 965 284 8 −200
1 002 802 397 994 7 963 297 8 −185 1 002 902 396 994 7 961 303 9 −180 1 003 003 394 998 7 959 302 11 −209
1 003 102 392 988 7 957 282 21 −160 1 003 201 392 495 7 955 303 21 −178 1 003 301 391 496 7 953 296 21 −172
1 003 401 394 001 7 951 297 24 −182 1 003 501 390 100 7 949 291 21 −184 1 003 601 389 997 7 948 227 22 −164
1 003 701 389 499 7 947 300 23 −178 1 003 803 389 987 7 946 211 25 −180 1 003 901 388 997 7 945 306 24 −197
1 004 002 387 995 7 944 303 21 −160 1 004 101 387 994 7 943 292 19 −203 1 004 202 386 987 7 941 331 16 −159
1 004 301 386 256 7 939 318 15 −181 1 004 402 384 995 7 937 167 14 −180 1 004 502 383 001 7 935 299 15 −171
1 004 602 380 493 7 933 281 14 −160 1 004 701 379 003 7 931 297 24 −184 1 004 801 376 495 7 929 273 23 −191
1 004 901 373 503 7 927 293 20 −182 1 005 001 371 989 7 925 303 15 −170 1 005 101 370 747 7 923 301 14 −159
1 005 201 370 744 7 921 307 14 −141 1 005 301 370 495 7 919 313 14 −170 1 005 401 369 997 7 917 319 15 −180
1 005 501 368 989 7 915 295 15 −202 1 005 601 364 494 7 913 284 13 −239 1 005 702 359 499 7 911 297 8 −201
1 005 802 360 995 7 909 299 10 −192 1 005 901 361 006 7 907 315 10 −196 1 006 003 360 997 7 905 128 14 −204
1 006 103 363 004 7 903 316 15 −271 1 006 203 361 481 7 902 360 14 −219 1 006 303 359 997 7 901 305 12 −200
1 006 403 359 749 7 900 310 12 −200 1 006 502 360 001 7 899 321 13 −201 1 006 601 359 125 7 898 289 13 −200
1 006 701 358 998 7 897 285 13 −180 1 006 801 357 003 7 895 291 12 −142 1 006 901 357 001 7 893 312 14 −160
1 007 001 356 993 7 891 290 13 −168 1 007 101 357 000 7 889 320 14 −142 1 007 201 357 007 7 887 336 15 −157
1 007 303 355 505 7 885 289 15 −155 1 007 401 354 500 7 883 303 15 −212 1 007 501 354 504 7 881 302 17 −158
1 007 601 354 505 7 879 313 18 −155 1 007 701 352 006 7 877 269 17 −160 1 007 801 353 999 7 875 347 19 −153
1 007 901 350 493 7 873 305 18 −120 1 008 001 350 002 7 871 310 19 −95 1 008 101 350 006 7 869 237 20 −118
1 008 201 350 999 7 867 293 22 −130 1 008 302 348 995 7 865 272 22 −110 1 008 401 348 397 7 863 270 23 −125
1 008 501 349 999 7 861 076 26 −113 1 008 601 350 001 7 859 233 27 −102 1 008 701 344 993 7 857 271 24 −90
1 008 801 343 005 7 855 321 24 −121 1 008 901 338 996 7 853 289 22 −110 1 009 002 336 495 7 851 292 21 −146
1 009 102 335 500 7 849 308 22 −96 1 009 202 333 997 7 847 292 23 −96 1 009 301 334 000 7 845 278 25 −115
1 009 401 331 996 7 843 307 25 −75 1 009 501 331 999 7 841 307 28 −86 1 009 601 330 004 7 839 297 28 −71
1 009 701 327 005 7 837 236 28 −66 1 009 801 325 247 7 835 081 30 −92 1 009 901 324 000 7 833 300 31 −70
1 010 001 323 997 7 831 289 34 −70 1 010 101 325 002 7 829 298 38 −77 1 010 201 325 004 7 827 294 43 −64
1 010 301 319 599 7 825 300 42 −36 1 010 401 315 977 7 823 292 42 −2 1 010 501 306 045 7 819 326 41 0
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(c) Dierence between the two reports
Figure 5.4: Map of the dierence in the depth to top of seawater intrusion between current and Milestone Reports. Figure (a) maps the depth to the top of the seawater
intrusion in the current report from Figure 5.1. Figure (b) maps the depth to the top of the seawater intrusion presented by Annetts et al. (2014) and Figure
(c) plots the dierence in elevation between the two surfaces. The seawater intrusion has been revised deeper.
|
39


















































Extent of sea−water intrusion

























































Extent of sea−water intrusion


















































(c) Dierence between the two reports
Figure 5.5: Map comparing the dierences in seawater intrusion intrusion between current and Milestone Reports. Figure (a) maps the depth to the top of the seawater
intrusion in the current report from Figure 5.1. Figure (b) maps the depth to the top of the seawater intrusion presented by Annetts et al. (2014) and Figure
(c) plots the dierence in areal coverage between the two surfaces. Improvements in the inversion code between current and Milestone Reports permitted




5.1.2 Depth to the top of Broome sandstone
The second of the major hydro-geological surfaces is the depth to the top of the Broome sandstone. As with
Annetts et al. (2014), the top of the Broome sandstone was interpreted to be the top of the conductor closest to
the ground surface based on Vogwill (2003). It must be noted that because there is no broad-scale near-surface
aquitard over the La Grange groundwater allocation area, hydrologically, the Broome sandstone is an unconned
aquifer. Thus, the depth to the top of the Broome sandstone, may not be a particularly useful hydro-geological
parameter. Nevertheless, the depth to the top of the Broome sandstone over the La Grange groundwater
allocation area is plotted in Figure 5.6. The Broome sandstone lies around 20m below the 0m RL (sea-level) near
the coast.
Dierences in depth to the top of the Broome sandstone between the current report and those reported
by Annetts et al. (2014) are plotted in Figure 5.7. In Figure 5.7, Panel (a) reproduces Figure 5.6, while Panel (b)
plots the elevation reported by Annetts et al. (2014). Panel (c) plots the dierence as
δ = Current−Milestone (5.4)
As with Figure 5.4, the depth to the top of the Broome sandstone has generally been revised deeper.
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(c) Dierence between the two reports
Figure 5.7: Map of the dierence in the depth to top of Broome sandstone between current and Milestone Reports. Figure (a) maps the depth to the top of the Broome
sandstone in the current report from Figure 5.6. Figure (b) maps the depth to the top of the Broome sandstone presented by Annetts et al. (2014) and Figure




5.1.3 Depth to the top of Jarlemai siltstone
The last of the major hydro-geological surfaces of interest is the depth to the top of the Jarlemai siltstone. The
depth to the top of the Jarlemai siltstone over the La Grange groundwater allocation area is plotted in Figure 5.8.
It is important to note that west of the interpreted seawater intrusion toe, the depth to the top of the Jarlemai
siltstone is extrapolated. The physics of AEM prospecting preclude knowledge below strong thick conductors
such as the seawater intrusion. Therefore, the depth to the top of the Jarlemai siltstone is calculated by linear
extrapolation of the interpreted Jarlemai siltstone towards the western-most end of the AEM survey line.
Dierences in depth to the top of the Jarlemai siltstone between the current report and those reported by Annetts
et al. (2014) are plotted in Figure 5.9. In Figure 5.9, Panel (a) reproduces Figure 5.6, while Panel (b) plots the
elevation reported by Annetts et al. (2014). Panel (c) plots the dierence as
δ = Current−Milestone (5.5)
As with Figure 5.4, the depth to the top of the Jarlemai siltstone has been revised deeper only in the east of the
La Grange groundwater allocation area; for the majority of the La Grange groundwater allocation area, there is
very little dierence in the depth to the top of the Jarlemai siltstone between reports.
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Figure 5.8: Revised map of the depth to top of Jarlemai siltstone. West of the interpreted seawater intrusion toe, the depth to the top of the Jarlemai siltstone is
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(c) Dierence between the two reports
Figure 5.9: Map of the dierence in the depth to top of Jarlemai siltstone between current and Milestone Reports. Figure (a) maps the depth to the top of the Jarlemai
siltstone in the current report from Figure 5.8. Figure (b) maps the depth to the top of the Jarlemai siltstone presented by Annetts et al. (2014) and Figure (c)




5.1.4 Usable water volume
With the three major hydro-geological surfaces mapped over the La Grange groundwater allocation area, the




zbss − zswi if the seawater intrusion is present
zbss − zjss if the Jarlemai siltstone is present but not the seawater intrusion
0 otherwise
(5.6)
Variation in the volume of usable water over the La Grange groundwater allocation area is plotted in Figures 5.10.
Figures 5.10 plots variation against ground surface elevation As expected from the topology of surfaces dening
the aquifer in Sections 5.1.1, 5.1.2 and 5.1.3, the UWV is smallest neat the coast and greatest around the toe of
the seawater intrusion before thinning inland.
Figure 5.11 plots variation of aquifer parameters against the variation in UWV. Panel A plots variation of aquifer
area with thickness while Panel B plots variation in aquifer volume with thickness. The thickest 180m of the
aquifer has 0 1% of the aquifer’s total volume and around 0 3% of the aquifer’s area. This suggests that a large
volume of the aquifer is relatively near to the surface.
5.1.5 Verication of the usable water volume
Verication of the UWV is somewhat problematic. While its calculation from surfaces derived from inversion of
AEM data is a relatively trivial matter, eld sampling can only be made of some of parameters on a site-by-site
basis. Therefore, checks on UWV from Section 5.1.4 are made by comparing Broome sandstone thickness derived
from AEM inversions (the dierence between surfaces described in Sections 5.1.2 and 5.1.3) and Broome sandstone
thickness derived from lithological sampling in Section 3.2. Such a comparison is made in Table 5.3. Generally,
comparisons between aquifer thickness derived using the two independent methods is favourable. These
dierences are plotted over the La Grange groundwater allocation area in Figure 5.12. Generally, comparison of
aquifer thickness derived from AEM inversion results and from lithological logging is favourable. However, in a
few cases, comparison of aquifer thickness is poor, mostly at drill-holes which are some distance from ight lines.
| 47


















































Extent of sea−water intrusion






Figure 5.10: Revised map of the variation of usable water volume over the La Grange groundwater allocation area. The background image plots variation in ground





Table 5.3: Comparison of Broome sandstone thickness derived from AEM inversion results with those interpreted from the DAFWA 2015 drilling program. Comparison
between the two thicknesses is generally favourable. These dierences are plotted over the La Grange groundwater allocation area in Figure 5.10.
Collar Closest AEM Distance to Aquifer thickness
DAFWA Name Easting Northing survey line AEM line (m) . . . from AEM (m) . . . from log (m) Dierence (%)
15LAG07 399 592 7 955 176 1 003 201 127.66 179.09 178.98 −0.06
15LAG19 360 400 7 890 300 1 007 101 962.84 144.84 144.70 −0.09
15LAG26TB 377 867 7 916 533 1 005 401 800.02 154.02 154.44 0.27
15LAG26 377 867 7 916 533 1 005 401 800.02 154.02 154.44 0.27
15LAG23A 400 080 7 860 650 1 008 501 21.11 140.44 139.69 −0.54
15LAG08 404 776 7 952 706 1 003 301 585.50 148.07 149.01 0.63
15LAG02 466 500 8 003 352 1 000 801 8.52 105.98 106.70 0.67
15LAG10 387 526 7 939 978 1 004 301 650.50 146.46 147.66 0.82
15LAG20 368 589 7 883 339 1 007 401 32.03 153.75 152.22 −1.01
15LAG17 382 376 7 893 332 1 006 901 3.97 178.78 176.61 −1.23
15LAG19 358 331 7 889 895 1 007 101 566.87 146.49 143.90 −1.80
15LAG16 371 454 7 899 323 1 006 502 8.60 153.74 156.59 1.82
15LAG06 393 474 7 955 334 1 003 201 31.86 167.02 170.99 2.32
15LAG01 452 525 8 004 430 1 000 701 867.44 81.45 78.56 −3.68
15LAG15 362 016 7 900 214 1 006 403 95.86 190.55 182.66 −4.32
15LAG21 352 500 7 869 265 1 008 101 38.51 108.76 115.26 5.64
15LAG14 424 660 7 936 800 1 004 402 11.51 146.56 137.10 −6.90
15LAG03 482 850 8 002 607 1 012 501 68.96 82.87 92.72 10.62
15LAG24 321 580 7 820 713 1 010 301 4996.44 39.94 50.87 21.49
15LAG15A 358 045 7 902 034 1 006 203 322.93 124.86 205.92 39.36
15LAG23 390 700 7 863 319 1 008 501 2574.68 193.28 136.89 −41.19
15LAG11 383 024 7 943 282 1 004 101 8.18 96.78 199.79 51.56
15LAG09 381 035 7 939 310 1 004 301 11.72 85.34 185.66 54.03
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Figure 5.12: Graphical comparison of dierence in usable water volume together with categorised levels of dierence between Broome sandstone thickness at drillholes
commissioned by DAFWA. These dierences were presented in Table 5.3. Comparison between aquifer thickness calculated from surfaces derived from




5.2 Palaeochannels in the La Grange groundwater allocation area
Palaeochannels are remnants of inactive rivers or stream channels that have been either lled or buried by
younger sediment. By their nature, they chart the course of older waterows. They are important because they
can act as ow paths for near-surface ground water and as hosts for minerals such as iron and uranium. These
features are typically interpreted from results of inversion for a smooth model as linear-trending features in maps
of interval electrical conductivity. Such maps show variation in electrical conductivity between particular depths.
Some indication of where palaeochannels might be found can be found in maps of the multiresolution valley
bottom atness index (MrVBF). The MrVBF transformation (Gallant and Dowling, 2003) is a transformation that
is applied to digital elevation models in order to identify valley bottoms. Flatness is determined by the inverse
of the slope, and valley bottoms (elevation) are determined by sorting elevations surrounding areas. A map of
MrVBF over the La Grange groundwater allocation area in presented in Figure 5.13. Larger indexes correspond to
lower or atter regions. Conversely, smaller indexes correspond to higher or steeper regions. Thus, in Figure 5.13,
regions such as 80-Mile Beach on the coast, south of La Grange Bay, and the tidal at near Roebuck Bay, appear
as lighter regions. The MrVBF image can, in conjunction with a map of surface topography, be used to help nd
palaeochannels, which by their nature, are more likely to be found in atter regions than steeper regions.
Also shown in Figure 5.13, are palaeochannels interpreted by Bell et al. (2012). Notable features of Bell et al.
(2012)’s interpretation are that the Cudalgarra palaeochannel could be extended northwards along four atter
regions indicated by the MrVBF index from 400 500E, 440 000E, 490 000E and 525 000E. It is also apparent from
the MrVBF index that the Cudalgarra and Mandora palaeochannels could reasonably be joined around 430 000E
to form a single palaeochannel; Magee (2009) notes only the Mandora and Wallal palaeochannels. The Roebuck
River palaeochannel identied by Vogwill (2003) is missing from Bell et al. (2012)’s map.
Figure 5.14 plots the variation of conductivity over the La Grange groundwater allocation area from 24m to
29m below ground surface. The seawater intrusion is clearly evident as the strong conductor near the coast. A
number of palaeochannels are evident as linear conductive features. Two, trending South are found in the north,
inland of Roebuck Bay near a fork in the Great Northern Highway. Another is found trending almost due east
near La Grange Bay. A third can be found trending North-West around 862500E.
Figure 5.15 plots the variation of conductivity over the La Grange groundwater allocation area from 54m to
62m below ground surface. As with Figure 5.14, the seawater intrusion is clearly evident as the strong conductor
near the coast. Very few channels are evident at this and deeper depths, suggesting that the majority of
palaeochannels in the La Grange groundwater allocation area are found in the upper 54m. Appendix D presents
variation of conductivity over the La Grange groundwater allocation area through smooth-model inversion





5.3 Structural geology over the La Grange groundwater allocation area
The fundamental problem imaging faults pointed out by Annetts et al. (2014) remains for the current work.
Inversions used in this report model the earth as having variation in electrical conductivity with depth only.
Clearly, subvertical structures such as faults and other conductance contrasts (e.g. Annetts, 2001) cannot be
modelled using a layered structure. However, inversion of EM data for the multidimensional earth which is
required to adequately image such later variation in electrical conductivity is a computationally-challenging task
beyond the scope of this report. Therefore, faults are interpreted from 1D inversion results with the knowledge
that such results are inadequate for such a purpose.
Figure 5.17 compares layered-earth inversion results between Annetts et al. (2014) and the current report.
Interpreted faults are plotted over all sections. It is evident from Figure 5.17, that faults are more easily
interpreted from blocky layered earth models than they are from smooth layered earth models. It is also evident
from comparison between Figures 5.17 and 5.16, that not all faults identied in the OzSeeBase compilation can be
identied in the layered earth inversion results. An example of this can be seen between 400000E and 450000E.
Although Figure 5.16 indicates that the survey line is intersected by several faults in this region, their identication
from the layered-earth inversion results in Figure 5.17 is dicult. While some of the fault intersections indicated
in Figure 5.16 are obvious, some are not. For example. Figure 5.16 suggests a fault around 290000E where
Figure 5.17 provides little evidence of faulting. Of particular note is the far east of the section where the strong
conductor at depth is interpreted as the Wallal sandstone. Faults in the west of the section may allow movement
of groundwater between the Broome sandstone and the Wallal sandstone. The Broome sandstone is the major
aquifer in the north of the La Grange groundwater allocation area while the Wallal sandstone is the major aquifer
south of the La Grange groundwater allocation area (MIRA Geoscience, 2015; Hanna, 2014).
Other features of Figure 5.16, viz. striations in the south of the La Grange groundwater allocation area, are
dicult to reconcile from the AEM inversion results, possibly because of their oblique disposition to the ight
line. The striations are generally oriented NW-SE while the ight line is oriented W-E.
Appendix E contains selected lines with interpreted faults. Generally, these are longer lines, either extending
from the coast to the eastern-most extent of the La Grange groundwater allocation area or (roughly) aligned N-S
in the east of the La Grange groundwater allocation area. A general observation is that the number of faults
interpreted from AEM inversion sections increases towards the south and towards the east of the La Grange
groundwater allocation area. This may suggest that inll is required to accurately interpret structural geology in
these areas. Inll surveys would be required to model data using 2 and 3D models in any case since the 2013


























Figure 5.17: Composite plot of inversion results for Line 1060101. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted





This report has described renement of hydro-geological surfaces that are intended to be used to construct
a hydro-geological model of the La Grange groundwater allocation area. These surfaces were derived from
layered-earth inversions of AEM survey data collected over the La Grange groundwater allocation area. The
AEM survey was designed with four main objectives:
1. Investigate seawater intrusion into the Broome sandstone
(a) Determine the depth to the seawater wedge
(b) Determine the lateral extent of the seawater wedge
(c) Delineate a freshwater zone above the seawater wedge
2. Determine the thickness of the Broome sandstone over the La Grange groundwater allocation area
3. Characterise the quality of the groundwater in the Broome sandstone in terms of variability over space
and depth.
4. Detect and delineate and palaeovalleys, and assist with setting the domain of the aquifer at the eastern
edge for groundwater modelling.
Objectives 1a, 1b and 2 were addressed in full by Annetts et al. (2014) while objective 4 was addressed in part.
This report has rened objectives 1a and 1b, and addressed objective 4.
Reinverting AEM data using the current version of GALEISBSTEM lead to inversion results with lower error
which better-reected the layered earth nature of the La Grange groundwater allocation area. These results
were reinterpreted in order to derive parameters for the Broome sandstone aquifer viz. depths to the tops of
the seawater intrusion, the Broome sandstone and the Jarlemai siltstone. While surfaces were considered an
improvement over those derived by Annetts et al. (2014), they did not lead to gross changes in the surface
elevations. These surfaces were used to derive an improved estimate for the thickness of the Broome sandstone
aquifer. Aquifer thickness compared favourably with thickness derived from DAFWA’s water bore program.
Although dicult, because an inappropriate model for imaging faults using AEM data was used, faults were
interpreted in AEM inversion results. Palaeochannels (part of Objective 4) were also identied using maps of
conductivity variation of the La Grange groundwater allocation area at specic depths. These depths were
determined from inversions for a smooth (30-layer) earth model.
Considering the inversion results and the geological logging program, objectives 1c and 3 must be identied as
unrealistic in retrospect. For Objective 1c, in structures that would be interpreted as having freshwater, it is
dicult to determine which component of the resistive horizon can be attributed to freshwater, and which to a
resistive sandstone matrix without additional information.
6.1 Suggestions for future work
This report has used additional, targeted, data to improve a hydro-geophysical model of the La Grange
groundwater allocation area. This model consists of surfaces that dene the depths to top of the seawater
intrusion (in the west), the Broome sandstone and the Jarlemai siltstone. These surfaces were originally derived
by Annetts et al. (2014) from inversion of Tempest AEM system for a layered earth and rened in this report.
Comparison between surfaces in Section 5.1 of this report and those in the Milestone Report (Annetts et al.,
2014) suggest that surfaces in Section 5.1 are an improvement. Because of this, they should lead to a better
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hydro-geophysical model of the La Grange groundwater allocation area. Because models can generally be
improved, we oer the following suggestions for future work.
Borehole lithological sampling is a necessary component of an AEM program because it permits an independent
check on AEM inversion results (Lawrie et al., 2010). In such a sampling program, sites will fall close to (and
ideally on) survey lines. (Annetts et al., 2014) were able to achieve good results using unconstrained inversions.
While this does not necessarily obviate the need to check and calibrate results, it does oer an alternative goal
for borehole sampling. If borehole lithological sampling were undertaken in areas where there were no AEM
survey data, then such data could be used as an independent data set. One way to use this data set is as a
broad-scale check on gridded AEM results, as was done in Section 5.1.
Another suggestion for future work is to invert AEM geophysical data using borehole lithological data as prior
information as suggested by Hauser et al. (2015). Although their algorithm would be computationally challenging
when applied to an area as large as the La Grange groundwater allocation area, the advantage of such an
application is direct inversion for the surfaces that are required for hydro-geological modelling. An example of
such a workow has been proposed by (Hauser et al., 2016). 7 Section 2 noted overlap between surveys described
by Joseph and Searle (2015), north of the La Grange groundwater allocation area, and MIRA Geoscience (2015),
south of the La Grange groundwater allocation area, and the survey addressed in this report. While integrating
results from all three surveys would be straightforward geophysically, more borehole lithological sampling data
would need to be collected in order to calibrate the model. However, integrated interpretation of data from
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A.1 Comparison between inversion results and logging data








B Notes on hydro-geophysical logging
This Appendix contains brief notes on the hydro-geophysical logging program. All hydro-geophysical logging was
conducted by CSIRO and employed a system, including slimline tools, data logger and winch, all marketed by Mt
Sopris. Induction and susceptibility logging employed a 2HMC probe. All γ logging employed a 2LSC probe. A
typical logging setup is illustrated in Figure B.1.
Tripod over well
Winch and data logger
DAFWA crew conducting 
pump test using shallow bore
Samples: one mound every 
meter; stcks mark every 10 m
Figure B.1: Typical hydro-geophysical logging setup. Logging is monitored using a laptop computer typically
located inside the truck’s cabin. At the start of each log, the tool is centred in the hole. The zero
level is taken from the top of the PVC collar extension and corrected using DAFWA’s data.
Figure B.2 compares all hydro-geophysical logging results with geological and interpreted lithologies from Site
15LAG15. Panels A through I show formation, lithology, and magnetic susceptibility, inductive resistivity, resistivity,
total γ, and spectral K, U and Th logs respectively. At shallower depths, there is loose correlation between
subjective permeability, resistivity and γ variation. For example, a peak in the response of all logs in the
sandstone between 12m and 20m does not correspond to a change in lithology. However, 10m of grey ne
sands immediately overlying the Jarlemai siltstone at the base of the hole are characterised by an increase in
electrical conductivity before a sharp rise at the base. The uniform low-amplitude magnetic susceptibility trace
suggests that the sediments are not magnetic, conrming the SRK Consulting (1998) results which suggest that
regional magnetic responses are largely attributed to variation in basement depth. Low-amplitude spectral γ
responses suggest largely homogeneous layering, and logged lithological variation (e.g. between 104m and 105m
and between 243m and 245m) was minor enough that it was considered insignicant by DAFWA. Figure B.3
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shows a composite of images of core sampled every 1m at Site 15. The variation in texture with increasing depth
is evident. Table B.1 reproduces DAFWA’s logging notes.
Figure B.4 presents a detailed comparison between gross geology, down hole newlogsysics logs and images of
core samples from Site 15LAG15 between depths of −50m and −20m. Panels A through J show formation,
lithology, drilling sample and magnetic susceptibility, inductive resistivity, resistivity, total γ, and spectral K, U
and Th logs respectively. Perhaps the most interesting aspect of Figure B.4 is that there is so little correlation
between changes in texture and hydro-geophysical response. For example, there is little in the core images
to indicate a change in interpreted permeability (at 29m), and electrical conductivity anomaly (at 31m) or
radiometric anomalies (e.g. at 32.50m and 34m). Conversely, the only indication of changes in texture at 22m
and 43m in any hydro-geophysical log, are minor K anomalies. Despite the lack of correlation at a detailed level,
Panel F shows that there is good agreement between resistivity measured by logging, and resistivity derived by
inverting AEM data.
B 2 |
(B) (C) (D) (E) (F) (G) (H) (I)(A)
Figure B.2: Composite plot of hydro-geophysical logging data from Sounding Site 15LAG15. Left to right, panels show geological unit, detailed lithology from DAFWA logs,
magnetic susceptibility, inductive resistivity, conductive resistivity, total γ, K, U and Th logging traces. Together, the last three traces are referred to as
‘spectral γ’. Because of the lack of variation in magnetic susceptibility and spectral γ traces, these were omitted from plots in Section 3.2. Blue-shaded
backdrops show subjective permeability interpreted by DAFWA and dashed lines are lithological variation from the second panel. A detailed comparison of





Table B.1: Verbatim DAFWA logging notes for Site 15LAG15. Core associated with the description is plotted in Figure B.3. Downhole logging results are plotted in
Figures B.2 in this Appendix and 3.8 in the main body. Detailed descriptions of grain size, roundness, sphericity and colour are given in Table B.2.
Start (m) End (m) Total (m) Grain size Roundness Sphericity Colour Comments Hydrogeology
0 6 6 MS SA L 10 R 6/6 Pindan Mod K
6 12 6 S – – 10 R 6/6 Siltstone with some sand Low K
12 20 8 CS SA H 10 R 6/6 Sandstone Mod K
20 29 9 MS, S SA H 10 YR 8/6 Sandstone with some siltstone low k
29 96 67 FS, MS, CS – – 10 R 8/2 White sand highly verable mod to high K
96 211 115 MS SA H 10 R 8/2 White Sand Mod k
211 240 29 MS SA H 5 YR 7/2 Grey sand Mod K
240 251 11 FS SR H 10 YR 6/2 Grey ne sand Low K
251 252 1 s – – 10 YR 6/2 Clay top of Jar Low K
Table B.2: Sample description nomenclature for Table B.1
Parameter Values
Roundness R =⇒ rounded; SR =⇒ sub-rounded; SA =⇒ angular; A =⇒ angular
Sphericity H =⇒ high; L =⇒ low
Grain size
r r =⇒ silt (<1/16mm)
VFS =⇒ very ne sand (1/16mm → 1/8mm)
FS =⇒ ne sand (1/8mm → 1/4mm)
MS =⇒ medium sand (1/4mm → 1/2mm)
CS =⇒ coarse sand (1/2mm → 1mm)




C Comparison of inversion results between Milestone and Current Re-
ports
This Appendix contains comparisons between inverted sections from Annetts et al (2014) and the current report
for all survey lines. Appendix C compares inverted sections are compared in terms of their error (φD) and
resistivity distribution. Appendix C.1 compares blocky-model inversion results and the dierences in elevation
that were interpreted from them. Comparison between blocky-model results over the two reports at selected

















































































































C.1 Comparison of interpreted surfaces between Current & Milestone reports
Section C.1 compares surfaces interpreted from blocky (5-layer) model inversions for all survey lines. Surfaces are
compared directly as depths and also as dierences (Current - Milestone). Thus, a positive dierence between
surfaces implies that the surface in the current report was interpreted to be shallower than the surface in

















































































































D Depth slices through smooth-model inversion results
This Appendix contains maps of the variation of conductivity over the La Grange groundwater allocation area
between successive depths. These depths are dened in Table D.1. All maps in this directory use a map of
surface topography a background. This facilitates the use of AEM data to identify paleochannels.
Table D.1: Layer thicknesses used for smooth-model inversions. These are identical to those used by Annetts
et al. (2014). The 30th layer is the innte-thickness halfspace at the base of all models.
# Layer thickness (m) Layer top (m) Layer base (m)
1 2.00 0.00 2.00
2 2.23 2.00 4.23
3 2.49 4.23 6.72
4 2.78 6.72 9.51
5 3.10 9.51 12.61
6 3.47 12.61 16.08
7 3.87 16.08 19.94
8 4.32 19.94 24.26
9 4.82 24.26 29.08
10 5.38 29.08 34.46
11 6.00 34.46 40.46
12 6.70 40.46 47.17
13 7.48 47.17 54.65
14 8.35 54.65 63.00
15 9.32 63.00 72.32
16 10.4 72.32 82.72
17 11.61 82.72 94.33
18 12.96 94.33 107.29
19 14.47 107.29 121.76
20 16.15 121.76 137.91
21 18.03 137.91 155.94
22 20.12 155.94 176.06
23 22.46 176.06 198.51
24 25.07 198.51 223.58
25 27.98 223.58 251.56
26 31.23 251.56 282.79
27 34.86 282.79 317.65
28 38.91 317.65 356.57































E Structural interpretation of selected survey lines
This Appendix contains inversion sections interpreted for faults for selected survey lines. Survey lines in this
Appendix are briey described in Table E.1. On each of the Figures in this Appendix, faults are indicated as
black lines on all sections. Where possible, dip has been interpreted. Generally, these faults were interpreted
from blocky-model results from the current report. These sections correspond to Panel C on each Figure in this
Appendix.
Table E.1: List of survey lines interpreted for geological structure. Survey lines numbered less than 1012000
extend from the coast to the easternmost edge of the La Grange groundwater allocation area. Survey
lines numbered greater than 1012000 are oriented (roughly) NE-SW and are located in the east of the
La Grange groundwater allocation area.
Line Orientation Notes
1005002 E-W One fault interpreted dipping westward
1002001 E-W Two faults interpreted, both dipping westward
1003003 E-W No faults interpreted
1004402 E-W Two faults interpreted, both dipping eastward
1006003 E-W Three faults interpreted, all dipping eastward
1008101 E-W Three faults interpreted, all dipping eastward
1008601 E-W Multiple faults, all with indeterminate dip
1008701 E-W Two faults interpreted, one with indeterminate dip, the other dipping eastward
1009801 E-W Multiple faults interpreted, diering dips
1010601 E-W Multiple faults interpreted, diering dips
1012501 NE-SW Two faults interpreted, both dipping northwards
1012601 NE-SW Three faults interpreted, all dipping northwards
1012701 NE-SW Four faults interpreted
1012801 NE-SW Seven faults interpreted

























Figure E.1: Composite plot of inversion results for Line 1000502. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.2: Composite plot of inversion results for Line 1002001. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.3: Composite plot of inversion results for Line 1003003. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.4: Composite plot of inversion results for Line 1004402. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.5: Composite plot of inversion results for Line 1006003. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.6: Composite plot of inversion results for Line 1008101. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.7: Composite plot of inversion results for Line 1008601. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.8: Composite plot of inversion results for Line 1008701. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.9: Composite plot of inversion results for Line 1009801. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.10: Composite plot of inversion results for Line 1010601. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.11: Composite plot of inversion results for Line 1012501. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.12: Composite plot of inversion results for Line 1012601. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.13: Composite plot of inversion results for Line 1012701. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.14: Composite plot of inversion results for Line 1012801. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted



























Figure E.15: Composite plot of inversion results for Line 1012901. Panel A compares error (ΦD) between blocky and smooth models over current and Milestone Reports.
Panels B and C compare blocky model inversion results between Milestone and current reports respectively while Panels D and E compare smooth model
inversion results between the same two reports. Panels C and D are noticeable improvements over results from the Milestone Report. Faults are highlighted
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